Apurinic/apyrimidinic (AP) sites are alkali labile lesions that, when encountered during DNA replication, can block polymerases or potentially result in mutagenic events. Owing to the instability of 2-deoxyribose lesions (AP), a chemically stable tetrahydrofuran analog (F) is often used as a model of abasic sites. A comparison of the two lesions in Saccharomyces cerevisiae revealed that the model lesion and 2-deoxyribose have distinct in vivo effects. Comprehensive comparative analyses of F and AP have not been carried out in Escherichia coli. We conducted a side-by-side investigation of F and AP in E.coli to compare their biological effects and interactions with SOS polymerases. Both lesions were examined in SOS-induced and uninduced cells. Our studies reveal that in uninduced E.coli the effects of individual polymerases in the replication of plasmids containing F or AP are distinct. However, when cells are SOS-induced, the biological effects of F and AP are similar.
INTRODUCTION
In the cell, spontaneous depurination and enzymatic processing of damaged nucleotides produce thousands of apurinic/ apyrimidinic (AP) sites each day, making them one of the most frequently generated DNA lesions (1, 2) . Although base excision repair enzymes remove a majority of 2-deoxyribose sites (AP), those that are not repaired are poorly bypassed by DNA polymerases (3) (4) (5) . When successful translesional synthesis (TLS) occurs, it is often mutagenic due to the non-coding nature of AP lesions. The 'natural' 2-deoxyribose site is heat and alkali labile ( Figure 1 ) (6) . Consequently, in vitro and in vivo studies to characterize abasic sites have frequently been carried out using a structurally similar but chemically stable tetrahydrofuran lesion (F). A comparison of F and AP conducted in Saccharomyces cerevisiae showed that nucleotide incorporation opposite each lesion is distinct, and prompted us to compare the biological effects of F and AP in Escherichia coli (7) . We have examined the lethality and mutagenicity of F and AP in E.coli and investigated the role of SOS polymerases in the bypass of each abasic site. By examining both sites concurrently and in the same sequence contexts, we have determined how well F models the cellular effects of a 2-deoxyribose lesion (AP).
Inefficient bypass of F and AP makes these lesions highly lethal in E.coli and S.cerevisiae (7) (8) (9) (10) (11) . Independent studies of the lesions in different sequence contexts suggest that AP and its model are bypassed with comparable efficiency. When F is introduced into E.coli on a single-stranded plasmid, TLS across the lesion occurs 0.8% to $6% of the time (10, 11) . The SOS-induction of E.coli elevates expression of specialized lesion-bypass polymerases (pol II, pol IV and pol V), resulting in a significant increase in TLS. Bypass of an AP lesion was found to occur 0.1-0.7% of the time in uninduced E.coli, but increased to 5-7% with SOS-induction (8) .
There have been no comparative studies examining the effects of individual SOS-induced polymerases on F and AP in E.coli. However, analysis of N-2-acetylaminofluorene, a bulky DNA adduct, revealed that all three SOS polymerases are employed for bypass (12) . In vitro, pol II, pol IV and pol V bypass F. Nucleotide incorporation by pol V follows the A-rule, but pol IV bypass results almost exclusively in À2 deletions (9, 13, 14) . Although in vitro analyses of nucleotide incorporation opposite abasic sites have not been reported for pol II, studies in E.coli revealed that pol II and pol V preferentially incorporate dA opposite AP and F, respectively (9, 15) . In contrast, E.coli studies of pol IV lesion bypass show that deletions are the major product. However, when substitution products are formed, there is a strong preference for dC opposite F (9) .
Owing to the effects of sequence context on nucleotide incorporation frequencies and deletion formation, results from published E.coli studies with F and AP cannot be directly compared. However, side-by-side examination of F and AP in S.cerevisiae revealed that nucleotide incorporation frequencies opposite the model site and 2-deoxyribose differ (7). Rev-dependent preferential incorporation of dC opposite AP is observed, whereas dA is most frequently incorporated opposite F. Nucleotide incorporation opposite abasic sites is variable in E.coli (8, 9, 11, 16) . Often there is preferred insertion of dA opposite F and AP (8, 9, 16) . However, nearly equal incorporation of T and dA opposite F has been reported previously (11) . Furthermore, depending upon sequence context and the polymerases available, TLS results in a significant amount of dC opposite AP (16) . Replication of plasmids containing F and AP in E.coli, S.cerevisiae and mammalian cells also produces single-nucleotide deletions (8, (16) (17) (18) . In addition, a small amount of 2 nt deletion product results from pol IV TLS across F in E.coli. However, nearly all bypass by pol IV results in 2 nt deletions in vitro (9) .
The variety of polymerases present and nucleic acid sequences in which the abasic lesions can reside create a complex matrix. The data referred to above illustrate how these factors make it difficult to compare the replication of AP and F using purified E.coli polymerases, as well as in the organism itself. For these reasons, we sought to carry out a comprehensive comparison of the replication of the abasic sites in E.coli in order to determine how appropriate a model F is of AP.
MATERIALS AND METHODS

General methods
Oligonucleotides were synthesized on an Applied Biosystems Incorporated 394 DNA synthesizer using standard protocols. DNA synthesis reagents were purchased from Glen Research. Oligonucleotides containing AP sites were generated by uracil DNA glycosylase (UDG) treatment of 2 0 -deoxyuridine, and the tetrahydrofuran analog (F) of an AP site was incorporated into oligonucleotides using commercial reagents (19) . DNA was purified by 20% polyacrylamide denaturing gel electrophoresis [5% crosslink, 45% urea (by weight)]. DNA manipulation, including enzymatic labeling, was carried out using standard procedures (20) . T4 polynucleotide kinase, BbsI, HaeIII and UDG were obtained from New England Biolabs. The T4 DNA polymerase was obtained from USB. [g-32 P]ATP was purchased from Amersham Pharmacia Biotech. The E.coli cells deficient in individual SOS polymerases were prepared as described previously (21) . Quantification of radiolabeled oligonucleotides was carried out using a Molecular Dynamics Storm 840 PhosphorImager equipped with ImageQuant version 5.1 software.
Construction of M13 genomes
The M13 genomes were generated in triplicate for each 16mer insert as described previously (16, 22) . Briefly, lesioncontaining oligonucleotide 16mers were 5 0 -phosphorylated and ligated into M13mp7(L2) plasmid using two scaffolds d(GGT CTT CCA CTG AAT CAT GGT CAT AGC) and d(AAA ACG ACG GCC AGT GAA TTG GAC GC). After ligation, the scaffolds were digested by reacting each ligation mixture with T4 DNA polymerase. The polymerase was removed by phenol extraction, and the DNA was purified by Centricon 100 filtration. The ligation efficiency was determined by using 1% TBE agarose gel analysis.
Preparation of E.coli for electroporation
and SOS-polymerase triple knockout cells [SF2108 (SpcR, KanR and CamR)] were grown overnight from a genetic stock in 10 ml Luria-Bertani (LB) at 37 C, with orbital shaking (270 r.p.m.). The SOS-induced and uninduced cells were prepared as described previously (23) . The cells to be SOSinduced were grown in LB to an OD 600 of 0.3, while cells to be electroporated uninduced were grown to an OD 600 of 0.5. To induce the cells, the E.coli were pelleted, resuspended in 0.1 M MgSO 4 (50 ml) and then irradiated at 45 J/m 2 with 254 nm light. The SOS-induced cells were then added to 50 ml of 2 · YT and grown for 40 min at 37 C with orbital shaking (270 r.p.m.). Both SOS-induced and uninduced cells were then pelleted, resuspended in ice-cold H 2 O, pelleted again and then resuspended in ice-cold 10% glycerol (2 ml). The prepared cells (100 ml) were mixed with 1 pmol of ligated M13 plasmid genome on ice, electroporated ($2.5 kV, 4.74 ms) and then plated with X-Gal and isopropyl-b-D-thiogalactopyranoside. All experiments involving specific plasmids and cell types were carried out in triplicate.
Determining the percent bypass and mutagenicity F and AP in E.coli Percent bypass was determined by comparing the number of plaques formed from plasmid with an insert containing F or AP to plasmid with an insert containing T instead of a lesion (16) . The number of plaques observed from replication of plasmids containing F or AP was adjusted for false positives, as described previously (16) . Typical plaque counts for thymidine containing controls (1c, 2c) were between 1200 and 1400. The numbers of plaques observed upon plating cells electroporated with plasmids containing F or AP ranged from 64 to 161 (before correction as noted above) under uninduced conditions and increased to between 302 and 395 under SOSinduced conditions. Analysis of mutations and deletions was carried out using the restriction endonuclease and postlabeling (REAP) assay (16, 22) . The REAP method has the advantage of providing statistically meaningful data rapidly, as well as allowing for the identification and analysis of insertion, substitution and deletion products in the same experiment. Briefly, a QIAprep Spin M13 Kit was used to isolate replicated plasmids. The DNA was then amplified by PCR using forward and reverse amino modified primers d(TTT CAC ACA GGA AAC AGC TAT GAC CAT G) and d(CAG GGT TTT CCC AGT CAC GAC GTT GTA A), respectively. The PCR products were purified by phenol extraction, and then treated with BbsI and shrimp alkaline phosphatase. The digested DNA was radiolabeled, digested with HaeIII, and the fragments were separated on a 20% denaturing gel. The appropriate product band(s) was excised from the gel, eluted and desalted on Sephadex G25 columns. The DNA was digested with P1 nuclease, and then 0.5 ml of each sample was spotted onto a cellulose TLC plate that was eluted for 10 h in 198 ml of buffer [180 sat (NH 4 ) 2 HPO 4 and 18 ml H 3 PO 4 ]. The dried plates were exposed to a phosphorimaging screen for $24 h, and the relative amounts of each nucleotide were determined using ImageQuant 5.1.
RESULTS AND DISCUSSION
Plasmid construction and lesion bypass
A single F or AP lesion was site-specifically incorporated into single-stranded M13mp7(L1) plasmid and introduced into E.coli by electroporation as described previously (16, 22) . Briefly, 5
0 -phosphorylated oligonucleotides containing either F or AP were ligated into linearized plasmid using appropriate scaffolds to direct orientation. Chemically synthesized oligonucleotides containing F were characterized by electrospray ionization mass spectrometry (ESI-MS) (see Supporting information). Oligonucleotides containing AP sites were produced from chemically synthesized biopolymers in which 2 0 -deoxyuridine was incorporated during the solid phase synthesis. The AP sites were introduced immediately prior to plasmid preparation using UDG. The extent of the deglycosylation reaction was analyzed by 5 0 -32 P-labeling an aliquot of the product (and precursor) and subjecting the oligonucleotide to mild alkaline hydrolysis (0.1 M NaOH at 55 C for 20 min) (see Supporting information). Both lesions were analyzed in two sequence contexts (Table 1) . F and AP were studied in wild-type and SOS polymerase single knockout cells to ascertain the effects of specific polymerases. Since earlier studies of abasic sites have been conducted in E.coli both with and without induction, one sequence (5 0 -dC) from each lesion was analyzed in both SOS-induced and uninduced cells.
Bypass of F in uninduced cells ranged from 0.1 to 1.9% depending on the cell line, and increased to 5.1-13.6% (3-to 11-fold increase) with SOS-induction (Figure 2A-C) . Plasmids containing AP show a similar increase in bypass upon SOS-induction. However, when wild-type cells are SOSinduced, TLS across AP is twice as efficient as bypass of F ( Figure 2C ). This is analogous to TLS in S.cerevisiae, where AP is bypassed more efficiently than F (7). Essentially, no bypass of F or AP occurred when cells were lacking all three SOS polymerases (data not shown). This illustrates the necessity of SOS polymerases even at low constitutively expressed levels for abasic site TLS.
In uninduced cells, removal of pol V results in the most significant average decrease in TLS. This is consistent with earlier work that attributes most abasic site bypass to pol V (9,24). However, SOS-induced cells show approximately the same decrease in bypass with the removal of any of the three Table 1 . Oligonucleotide plasmid inserts SOS polymerases ( Figure 2C ). This indicates that when sufficient quantities of pol II and/or pol IV are present, they can compensate for the elimination of pol V expression.
Mutations resulting from TLS
With and without SOS-induction, single-nucleotide deletions frequently result from bypass of F and AP (8, 9, 11) . In uninduced cells, we found that the ratio of substitution to deletion products produced from bypass of each lesion is affected differently by SOS polymerases (Figure 3A and B) . In the absence of pol V, bypass of F results in all single-nucleotide deletion, whereas TLS across AP produces 25.1-50.1% fulllength product ( Figure 3A and B) . Bypass of F produces more deletion product when dC, rather than T, is 5 0 to the lesion in all cell lines. TLS across AP shows this same sequence effect only in the absence of pol V. F and AP also respond differently to the removal of pol II or pol IV. TLS across AP using E.coli deficient in either of these polymerases results in much more full-length product than is produced in wild-type E.coli ( Figure 3A and B) . In contrast, TLS across F produces a comparable amount of full-length product in wild-type, pol II deficient and pol IV deficient cells. Therefore, in uninduced wild-type cells, pol II and pol IV are used much more often to bypass AP than F, and these enzymes are responsible for single-nucleotide deletions.
Bypass of F and AP in SOS-induced cells results in more deletion product than is produced from TLS in uninduced E.coli ( Figures 3A, B and 4) . However, in contrast to bypass in uninduced cells, the induced conditions show approximately the same quantity of deletions and comparable polymerase effects upon deletion formation for F and AP (Figure 4) . There is an equivalent decrease in full-length product observed in pol V deficient cells for each lesion. Furthermore, the removal of either pol II or pol IV results in a substantial increase in full-length product compared with wild-type cells for both F and AP. This suggests that pol II and pol IV work in concert with one another to perform lesion bypass. Earlier studies in S.cerevisiae revealed that pol d and pol z work cooperatively to efficiently bypass an abasic lesion (25) . Polymerase d inserts dA opposite the AP site and pol z extends from the inserted nucleotide (25) . If polymerases II and IV act in a fashion similar to pol d and pol z, then the removal of either polymerase would result in an increase in pol V bypass of the lesions and, consequently, the increase in full-length product observed during TLS in pol II or pol IV deficient cells.
Nucleotide incorporation opposite F and AP
The nucleotide most frequently inserted opposite F and AP in all uninduced cell lines is dA ( Figures 5A, B and 6A, B) . However, pol V deficient cells show a large increase in dC incorporation opposite AP. As was seen in uninduced cells, bypass of both F and AP in pol II, pol IV and pol V deficient E.coli results in preferential incorporation of dA following SOS induction (Figures 7 and 8 ). The frequency of dC incorporation opposite both molecules increases in the absence of pol V under SOS conditions. One clear difference between F and AP following SOS-induction occurs in wild-type cells, where dC is preferentially incorporated opposite F, while AP still follows the A-rule (Figures 7 and 8) . This is the only significant distinction between F and AP observed in SOS-induced cells. The increased dC incorporation opposite F and AP in pol V deficient cells suggests that pol II and/or pol IV are responsible for the increased dC incorporation opposite F in wild-type induced cells. This is consistent with earlier published data that show pol IV preferentially incorporates dC opposite F in SOS-induced E.coli (9) . In addition, crystallographic studies of a pol IV homolog (Dpo4) from Sulfolobus solfataricus reveal that dC insertion allows for favorable hydrogen bonding with a 3 0 -adjacent template dG (26) . The fact that dA is still preferred opposite AP suggests that pol V bypasses 2-deoxyribose more often than F in wild-type SOS-induced cells.
CONCLUSIONS
A comprehensive comparison of F and AP with respect to lethality, mutagenicity and SOS-polymerase interactions revealed that F is a good model for AP in SOS-induced cells, but the lesions are biologically distinct in uninduced E.coli. When cells are not induced, F, but not AP, requires pol V for full-length bypass product. In addition, in uninduced wild-type cells pol II and/or pol IV bypass AP more often than F. Therefore, replication of plasmids containing AP results in more deletion product than bypass of F. In SOS-induced cells, F accurately models AP with the exception of nucleotide selectivity opposite the molecules in wild-type cells. Pol V appears to play a smaller role in bypassing F than AP, resulting in preferential dC incorporation opposite F, while dA is still most often inserted opposite AP. Both with and without induction, pol II and pol IV appear to act cooperatively to bypass F and AP. Our studies conclude that if F is to be used as a model for 2-deoxyribose in E.coli, then the cells should be SOS-induced to ensure the model is accurately reflecting the effects of AP.
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